A model has been developed to predict the yield stress (YS) of the aluminum alloy AA6111 after multistep heat treatments that involve combinations of ambient-temperature aging and high-temperature artificial aging. The model framework follows the internal state variable framework where the two principal state variables are the volume fraction of clusters that form at ambient temperature and the volume fraction of metastable phases that form during high-temperature aging. The evolution of these state variables was modeled using a set of coupled differential equations. The mechanical response (the YS) was then formulated in terms of the state variables through an appropriate flow stress addition law. To test the model predictions, a series of experiments were conducted that examined two scenarios for multistep heat treatments. In general, good agreement was observed between the model predictions and the experimental results. However, for the case where a short thermal excursion at 250°C was applied immediately after the solution treatment, the results were not satisfactory. This can be understood in terms of the importance of the temperature dependence for the nucleation density of metastable precipitates.
B. RAEISINIA, W.J. POOLE, X. WANG, and D.J. LLOYD A model has been developed to predict the yield stress (YS) of the aluminum alloy AA6111 after multistep heat treatments that involve combinations of ambient-temperature aging and high-temperature artificial aging. The model framework follows the internal state variable framework where the two principal state variables are the volume fraction of clusters that form at ambient temperature and the volume fraction of metastable phases that form during high-temperature aging. The evolution of these state variables was modeled using a set of coupled differential equations. The mechanical response (the YS) was then formulated in terms of the state variables through an appropriate flow stress addition law. To test the model predictions, a series of experiments were conducted that examined two scenarios for multistep heat treatments. In general, good agreement was observed between the model predictions and the experimental results. However, for the case where a short thermal excursion at 250°C was applied immediately after the solution treatment, the results were not satisfactory. This can be understood in terms of the importance of the temperature dependence for the nucleation density of metastable precipitates.
I. INTRODUCTION
INDUSTRIAL processing of age hardening aluminum alloys often involves a complex thermal history where the material experiences a range of holding times at different temperatures with variable heating and cooling rates between processing temperatures-i.e., a highly nonisothermal situation. For example, in the use of automotive alloys, the thermal history may involve a solution heat treatment followed by aging at ambient temperatures (so-called natural aging) combined with multiple high-temperature (artificial) aging steps that may involve different temperatures and times. It has been known for many years that the aging behavior of these alloys is strongly history-dependent, [1, 2] so that the development of an overall model becomes nontrivial. The simple example of this complexity arises when natural aging precedes artificial aging and it is observed that the presence of the natural aging step significantly delays the development of strength during subsequent high-temperature aging. [1] [2] [3] [4] [5] Esmaeili et al. have recently developed models to predict the limiting cases for isothermal artificial aging of AA6111 either directly after solution treatment [6] or after a combination of solution treatment and a variable period of ambient aging. [7] The objective of the current work is to extend these models to the more general cases where combinations of ambient and artificial aging steps are involved and where the effect of heating rate to the annealing temperature is explicitly accounted for. More specifically, the scope of the current model is to consider combinations of ambient-temperature aging and artificial aging at temperatures between 150 °C and 250 °C that involve final properties at or below the peak strength of the alloy (i.e., overaged conditions are not considered).
II. MODEL DEVELOPMENT
Numerous recent studies have examined the complex precipitation sequence in 6000 series alloys.
[8] The overall precipitation sequence for copper-containing alloys can be described as: [9] At ambient temperatures, the precipitation reaction is dominated by formation of coclusters of Mg, Si, and Cu atoms, as has been illustrated in the atom probe work of Vaumouse et al. [10] and Murayama et al. [11, 12] At high temperatures, considerable controversy exists regarding the initial stages of aging and the role of GP zones; however, after very short times (e.g., 15 minutes at 180 °C), strengthening is dominated by the formation of the metastable ␤Љ and the precursor of Q phases. [13, 14] In the current work, it is assumed that the clustering reaction dominates ambienttemperature aging and that for aging at temperatures between 150 °C and 250 °C, precipitation is dominated by the formation of the ␤Љ and precursor of Q phases (predominately the ␤Љ phase).
The current modeling framework follows the internal state variable approach. [15, 16, 17] In this framework, the material response, X i , is a function of the internal state variables, S 1 , S 2 , S 3 . . . etc., which represent the microstructure, i.e.: These state variables evolve with time, and thus their evolution can be written as a series of linked differential equations:
[2a]
[2b]
etc., where T ϭ the temperature. In the present work, the material response of interest is the yield stress ys and the relevant internal state variables are the volume fraction of clusters, f cluster , and the volume fraction of metastable precipitates, f ppt . †Further, it is convenient †f ppt represents the sum of the metastable ␤Љ and precursor of Q phases.
to write these two variables in a normalized form, i.e., [3a] and [3b] where f * cluster and f* ppt are the volume fraction of clusters and precipitates when the peak strength of the alloy is reached for aging at ambient temperature and aging at elevated temperatures, respectively.
The advantage of formulating this problem in this framework is that highly nonisothermal processing routes can easily and explicitly be modeled using this approach. Therefore, one can include the effect of heating rate to temperature (which is of particular importance for short high-temperature thermal excursions), and one can also examine multistep heat treatments, which are commonly observed in industrial processes.
A. Evolution of Clusters
The work of Panseri and Federighi [18] and Kelly and Nicholson [19] has shown that the clustering reaction at ambient temperatures occurs in two stages: rapidly at first, when the excess vacancy concentration is high, and then at a slower rate. Empirically this evolution can be captured using an Avrami evolution law. [7] In differential form, this can be written as:
[ 4] where n 1 and k cluster are fitting parameters that describe the evolution of clusters. However, there is a further complication because the clustering reaction is strongly dependent on the level of supersaturated solutes available for cluster formation. For example, if high-temperature aging precedes ambient-temperature aging, then depending on the solute consumed in the high-temperature reaction, cluster formation will be reduced or may even be eliminated. This can be accounted for by assuming that the kinetic parameter, k cluster , is a function of the fraction of precipitates formed in the preceding steps of the heat treatment, i.e.,
[5]
where k* cluster describes the kinetics of cluster formation for the case of ambient temperature aging immediately after solution treatment and ␣ 1 ϭ an adjustable constant. The magnitudes for n 1 and k* cluster were determined by Esmaeili et al. [7] (note: for values of then k cluster ϭ 0). Writing Eq. [4] in differential form allows one to easily keep track of the volume fraction of clusters for multistep aging treatments.
For aging of rapidly quenched solution-treated materials at temperatures in the range of 150 °C to 250 °C, the clustering reaction is either very quick or may even not occur and therefore can be ignored. However, if clusters have formed by a previous ambient-temperature aging step, the clusters will dissolve or revert in this temperature range. It has been shown that the dissolution of clusters can be captured by a diffusion-controlled model, [7] i.e., [6] where B ϭ a temperature-dependent parameter to describe the dissolution kinetics. The temperature dependence of B can be described by an Arrhenius relationship, i.e., [7] where B 0 ϭ a constant and Q dis ϭ the activation energy for cluster dissolution.
B. Precipitate Formation (20 °C to 250 °C)
To a first approximation, Esmaeili et al. showed that by using an isothermal calorimetry technique, the kinetics for the formation of metastable precipitates during artificial aging could be well described by an Avrami equation. [6, 7] In differential form, this can be written as: [8] where k ppt and n 2 are constants that describe the kinetics of precipitation for the metastable precipitates. The constant k ppt is a function of both temperature and the fraction of clusters present at the beginning of the artificial aging step. Esmaeili et al. [6, 7] showed that the kinetic parameter k ppt for the limiting cases of artificial aging after solution treatment (k ST ) and artificial aging after ambient aging times greater than 1 day (k NA ) are given by:
[9a]
and [9b] where k 0(ST) and k 0(NA) are constants while Q ST and Q NA are the activation energies for the precipitation reaction for solution-treated and ambient-aged materials, respectively. To account for a smooth transition between these limiting cases, it is proposed that k ppt may be written as: 
